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I.  RESEARCH  OBJECTIVES 


Utilize  small-angle  neutron  scattering  to  characterize  cavity 
nucleation  and  growth  rates  under  tensile  creep  conditions  as  func¬ 
tions  of  time,  temperature,  stress,  strain,  strain  rate,  and  micro¬ 
structure. 

Measure  experimentally  the  local  strains,  grain  boundary  displace¬ 
ments,  and  displacement  rates  attendant  with  the  above  mentioned 
cavity  characterizations. 

Incorporate  the  measured  cavity  nucleation  and  growth  rates  and  the 
local  deformation  measurements  into  a  model  for  grain  boundary  cavi¬ 
tation  under  tensile  creep. 

Characterize  creep  crack  growth  and  experimentally  measure,  using 
stereoimaging  strain  analysis,  the  crack-tip  displacement  field, 
strain  singularity,  and  creep  strain  rates  as  functions  of  stress 
intensity,  temperature,  microstructure,  and  precavitation  level. 
Incorporate  the  cavitation  model  and  measurements  and  the  crack-tip 
micromechanical  measurements  into  a  fundamental  creep  crack  growth 


model  for  ceramics. 
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II.  STATUS  OF  THE  RESEARCH  EFFORT 


A.  Scope 

Because  of  the  attractive  strength  properties  of  ceramics  at 
elevated  temperatures,  there  is  great  interest  in  developing  a  new  genera¬ 
tion  of  aerospace  propulsion  systems  capitalizing  on  advanced  ceramics 
technology.  These  new  propulsion  systems  would  potentially  offer  higher 
operating  temperatures  and  lower  weights,  thus  providing  dramatic  in¬ 
creases  over  current  engine  designs  in  both  efficiency  and  performance. 
While  present  engines  utilize  hot-stage  components  fabricated  from  nickel 
or  cobalt-base  superalloys,  it  is  anticipated  that  evolving  ceramic  tur¬ 
bines  will  be  based  on  silicon  nitride  and  silicon  carbide.  In  service, 
the  ceramic  components  will  experience  tensile  and/or  cyclic  loadings. 
Very  little  is  known,  however,  about  the  behavior  of  these  ceramics  under 
tensile  creep  or  cyclic  creep  conditions.  An  understanding  of  the  basic 
failure  mechanisms  and  an  ability  to  predict  lifetimes  will  be  necessary 
before  ceramics  can  be  successfully  utilized  in  engine  applications. 

In  order  to  understand  creep  failure  of  ceramics,  several  specific 
issues  must  be  addressed.  These  include:  (1)  characterization  of  the 
development  of  creep  cavities  at  grain  boundaries  in  bulk  specimens  as  a 
function  of  tensile  stress;  (2)  characterization  of  grain  boundary  dis¬ 
placement  during  bulk  creep;  (3)  characterization  of  crack  tip  stress 
relaxation  due  to  crack  tip  creep  strain;  (4)  characterization  of  cavity 
distributions  ahead  of  creep  cracks;  (5)  performance  of  pure  tensile  tests 


3 


at  elevated  temperatures;  (6)  creation,  and  characterization  of  the 
growth,  of  creep  microcracks.  The  progress  made  along  these  lines  during 
the  initial  year  of  the  program  is  summarized  below. 

B.  Current  Status 

Usually,  "tensile"  testing  of  ceramics  has  been  performed  in 
flexural  bending,  a  compromise  which  produces  a  stress  gradient  across  the 
specimen.  Pure  tensile  testing  of  brittle  materials  is  difficult,  because 
of  alignment  considerations  which  can  produce  unknown,  unwanted  bending 
moments,  hence  spurious  strength  measurements.  However,  it  is  important 
to  the  goals  of  the  proposed  program  to  achieve  pure  tensile  testing, 
since  (1)  it  is  desired  to  characterize  cavitation  in  terms  of  a  known 
applied  tensile  stress  normal  to  the  cavitating  grain  boundaries,  and  (2) 
it  is  necessary  to  secure  a  reasonably  large  sample  of  material  cavitated 
at  a  uniform  stress  level  for  the  SANS  measurements.  Bend  tests  violate 
both  of  these  requirements. 

A  major  portion  of  the  first  year  of  this  contrast  was  thus  spent 
designing  and  fabricating  a  tensile  creep  apparatus.  A  schematic  of  the 
tensile  creep  frame  is  presented  in  Figure  1,  and  a  close-up  photograph  of 
the  environmental  chamber,  furnace,  specimen,  and  gripping  arrangement  is 
presented  in  Figure  2.  This  frame  utilizes  deadweight  loading  and  is 
capable  of  testing  at  stresses  in  excess  of  1000  MPa  and  temperatures  up 
to  2300  C.  Self-aligning  universal  joints  are  affixed  to  the  specimen 
grips,  which,  acting  in  conjunction  with  the  flexures  that  are  machined 
into  both  the  upper  and  lower  pull  rods,  minimize  the  bending  moment 
imposed  on  the  sample  during  testing. 
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FIGURE  2.  PHOTOGRAPH  OF  THE  ENVIRONMENTAL  CHAMBER  OF  THE  TENSILE  CREEP 
FRAME  SHOWING  THE  FULLY  ASSEMBLED  GRIPPING  ARRANGEMENT.  Also 
visible  are  the  back  halves  of  the  tungsten  heating  elements 
and  the  heat  shields. 
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Close-up  views  of  the  gripping  assembly  and  specimen  design  are  also 
shown  in  Figure  1.  The  grip  assembly  is  composed  of  a  water-cooled  super- 
alloy  main  body  which  encloses  split  ceramic  collets.  Since  ceramic 
specimens  cannot  relax  plastically  at  grip  contact  points  like  metal 
alloys,  boron  nitride  powder  is  used  as  a  powder  cushion  lubricant  between 
the  specimen  ends  and  the  collet-type  grips.  The  specimen  design,  which 
is  based  on  finite  element  stress  calculations,  minimizes  stress  concen¬ 
trations  in  the  gage  and  grip  areas. 

Surface  preparation  techniques  for  the  stereoimaging  strain  analysis 
were  also  examined  during  the  first  year.  Generally,  the  stereoimaging 
analysis  requires  two  photographs  of  the  same  region  obtained  at  different 
deformation  states;  for  creep  loading  this  is  accomplished  by  photograph¬ 
ing  the  same  area  at  various  times.  In  this  manner,  the  strains  and 
strain  rates  can  be  determined.  Since  the  analysis  is  a  surface  tech¬ 
nique,  it  requires  that  the  surface  remains  unmodified,  apart  from  modifi¬ 
cation  due  to  the  creep  strains,  during  the  time  interval  between  the 
photographs.  Examination  of  the  ceramic  to  be  used  in  the  initial  series 
of  tests,  Norton  NC  203  hot-pressed  silicon  carbide,  shewed  that  polished 
surfaces  were  substantially  modified  during  thermal  holds  at  temperatures 
around  1500  C.  Thus,  as-polished  surfaces  are  not  sufficient  for  the 
stereoimag i ng  measurements.  Investigation  of  a  number  of  alternate  sur¬ 
face  preparation  techniques  -'ndicated  that  surfaces  that  were  given  a 
thermal  etching  treatment  following  polishing  did  not  change  dramatically 
during  subsequent  creep  or  thermal  treatments.  It  thus  appears  that 
polished  and  thermally  etched  surfaces  w-11  be  sufficient  for  the  stereo¬ 
imaging  measurements. 
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In  summary,  the  first  year  of  this  contract  was  spent  developing  the 
capability  to  perform  pure  tensile  creep  on  structural  ceramics  and  deter¬ 
mining  the  proper  surface  preparation  techniques  for  the  stereoimaging 
analyses.  While  both  of  these  took  a  longer  period  of  time  than  antici¬ 
pated,  we  feel  that  we  are  now  in  a  position  to  rapidly  move  ahead  on  the 
characterization  of  bulk  creep  damage  and  creep  crack  growth  in  the  SiC 
and  SijN4  materials  during  the  second  year  of  the  program. 

C.  Stochastic  Aspects  of  Cavitation 


While  the  tensile  creep  frame  was  being  constructed,  the  substantial 
body  of  data  in  the  literature  pertaining  to  creep  cavitation  was  care¬ 
fully  studied  with  the  intent  of  identifying  the  critical  parameters  in 
cavitation.  Although  most  of  the  quantitative  data  were  obtained  from 
compression  tests,  the  basic  concepts,  at  least,  should  be  applicable  to 
the  tensile  experiments  of  the  present  study.  The  results  of  this  criti¬ 
cal  study,  which  are  briefly  summarized  below,  have  formed  the  basis  of  a 
manuscript  titled  "Stochastic  Aspects  of  Creep  Cavitation  in  Ceramics", 
which  is  currently  being  prepared. 

Previous  studies  of  compressive  creep  in  both  silicon  carbide  (1-3) 
and  alumina  (3-6)  have  demonstrated  that  cavity  nucleation  definitely 
takes  place  during  creep  of  ceramics.  As  shown  in  Figure  3,  cavity 
nucleation  is  frequently  continuous.  Furthermore,  the  high  cavity  density 
indicates  that  cavitation  occurs  on  two  grain  facets  since  there  are  in¬ 
sufficient  three  grain  facets  to  account  for  the  high  cavity  density 
observed.  The  presence  of  cavities  on  two  grain  facets  has  been  confirmed 
by  TEM  (3,5)  and  SEM  (6).  To  explain  the  nucleation  of  cavities  along  two 
grain  facets  Chan,  et  al  (7)  have  postulated  that  nucleation  occurs  at 


NUMBER  OF  CAVITIES  PER  UNIT  VOLUME  VERSUS  TIME 
Cavity  density  was  determined  by  small-angle 
neutron  scattering  from  compression  crept 
ceramics. 
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ledges  present  along  the  boundary.  As  shown  in  Figure  4,  grain  boundary 
sliding  would  produce  a  high  tensile  stress  concentration  at  the  ledges. 
However,  grain  boundary  diffusion  would  act  to  remove  the  stress  concen¬ 
trations.  Thus,  if  ledges  are  to  act  as  efficient  nucleation  sites, 
nucleation  must  occur  prior  to  the  diffusive  relaxation  of  stress  at  the 
ledges. 

Chan,  et  al  (7)  have  calculated  the  various  relaxation  times  and 
compared  them  to  estimates  of  the  incubation  time  for  cavity  nucleation. 
The  results  of  these  calculations.  Figure  5,  suggest  that  a  narrow  range 
of  h/x,  where  h  is  the  ledge  height  and  x  is  the  ledge  spacing,  exists  in 
which  nucleation  is  expected.  As  demonstrated  in  Figure  6,  at  large 
values  of  h/x  the  stress  concentration  relaxes  prior  to  nucleation,  while 
at  small  values  of  h/x  the  stress  concentration  never  builds  up  due  to 
inhibited  sliding.  It  is  only  in  the  central  regime  of  h/x  that  stresses 
of  sufficient  magnitude  are  present  for  a  long  enough  duration  to  result 
in  cavity  nucleation.  The  above  discussion  identifies  two  critical 
parameters  pertaining  to  cavity  nucleation,  grain  boundary  sliding  and  the 
grain  boundary  microstructure,  both  of  which  are  stochastic  in  nature. 

Estimates  of  cavity  growth  rates  based  on  previous  experiments 
(1,3, 5, 6)  have  shown  either  that  the  growth  rate  is  zero  at  a  cavity  size 
considerably  above  the  critical  nucleus  size,  or  that  the  rate  of  increase 
in  size  decreases  with  increasing  time.  Both  of  these  behaviors  are 
illustrated  in  Figure  7.  Thus,  all  previous  measurements  of  cavity  growth 
rate  in  ceramic  systems  have  resulted  in  either  a  zero  growth  rate  (3,5,6) 
or  a  growth  rate  that  decreases  with  time  (1,3,6);  steady  state  growth  has 


not  been  observed. 
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with 


Cavity  growth  by  grain 
"clean"  grain  boundaries) 


boundary  diffusion 
is  described  by  (8) 


(pertinent 


to  ceramics 


d V 
dt 


2^dOh(0n-2r/R) 

kT 


f ( t/R) 


(1) 


where  V  is  the  cavity  volume,  t  is  time,  a  is  the  atomic  volume,  D  is  the 
grain  boundary  diffusion  coefficient,  h  is  the  grain  boundary  height, 
is  the  normal  stress  across  the  boundary,  y  is  the  surface  energy,  R  is 
the  cavity  radius,  si  is  the  cavity  spacing,  k  is  Boltzman's  constant,  and 
T  is  temperature.  Similarly,  the  growth  of  a  cavity  by  a  viscous  process 
(i.e.,  for  ceramics  with  glassy  grain  boundary  films)  is  described  by  (9) 
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where  a  is  the  ratio  of  cavity  radius  to  cavity  spacing,  -  is  the 
viscosity  of  the  glassy  phase,  and  K  is  a  constant  related  to  the  ratio  of 
the  grain  boundary,  surface,  and  interfacial  energies.  In  both  descrip¬ 
tions  of  cavity  growth  the  growth  rate  is  proportional  to  the  boundary 
normal  stress.  Thus,  the  experimental  observation  of  transient  cavity 
growth  rates  implies  the  existence  of  transient  boundary  tractions. 

The  subject  of  transient  boundary  tractions  was  discussed  previously 
in  dealing  with  cavity  nucleation  concepts.  However,  the  characteristic 


time  for  the  relaxation  of  stress  concentrations  on  boundary  ledges  is  far 
too  short  to  explain  the  long  duration  transients  of  Figure  7.  Two  other 
possibilities  do  exist,  however.  Raj  (10)  has  identified  and  analyzed 
transient  stresses  resulting  purely  from  the  presence  of  the  cavities  and 
from  grain  boundary  sliding  transients.  Figure  8.  In  both  cases,  the 
characteristic  relaxation  time,  t,  is  given  by  (10) 

,  .  .iV  (4) 

•n  ED  hft 


where  v  is  Poisson's  ratio,  E  is  Young's  modulus,  and  L  is  the  character¬ 
istic  diffusion  length,  which  for  the  first  case  would  be  one-half  of  the 
cavity  spacing  and  for  the  second  case  would  be  one-half  of  the  grain 
size.  The  characteristic  relaxation  time  for  stress  concentrations  with  a 
repeat  distance  of  the  cavity  spacing  is  much  too  short  to  explain  the 
growth  transients  which  persist  for  a  number  of  hours  in  both  silicon  car¬ 
bide  and  alumina;  however,  the  characteristic  time  for  stress  concentra¬ 
tions  with  a  repeat  distance  equivalent  to  the  grain  size  is  of  the  same 
order  as  the  duration  of  the  growth  transient.  Hence,  it  appears  that 
cavity  growth  may  also  be  controlled  by  grain  boundary  sliding. 

The  above  analysis  of  recent  experimental  studies  of  compression 
crept  ceramics,  supported  by  microstructural  modeling,  has  identified  a 
number  of  stochastic  aspects  of  cavitation.  The  stochastic  nature  of 
cavitation  arises  primarily  due  to  the  dependence  of  both  cavity  nuclea- 
tion  and  cavity  growth  on  grain  boundary  sliding.  A  degree  of  randomness 
is  also  imposed  by  the  nonuniform  distribution  of  nucleation  sites 
dictated  by  the  narrow  range  of  h/x  for  which  nucleation  is  likely.  If 


Transient 
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cavitation  under  pure  tensile  loading  is  governed  by  factors  similar  to 
those  that  control  cavitation  during  compressive  loading,  the  measurement 
of  grain  boundary  sliding  rates  and  their  correlation  with  cavitation 
rates  together  with  the  development  of  a  statistical  model  of  cavitation 
will  be  crucial  to  the  understanding  and  modeling  of  tensile  creep  fail¬ 
ure.  These  tasks  are  currently  in  progress. 
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